This issue of Tree Physiology presents a surprising finding of specialization of within-leaf secondary compound storage and synthesis in eucalypts by Goodger et al. (2018) . The following commentary first tackles the general issue of why plants need storage structures for secondary metabolites, then discusses the evidence of within-leaf specialization of storage of different secondary chemicals, and ultimately addresses the implications of metabolically completely different secretory structures within the eucalypt leaves discovered by Goodger et al. (2018) . While metabolic specialization in surface storage structures, in different types of glandular trichomes, is well recognized, much less is known of variation in within-leaf storage structures and the new methodology for isolation of intact secretory cavities developed by Goodger et al. (2018) opens up new vistas to start resolving spatial, temporal and genetic controls on secondary metabolism in species having storage structures embedded within the leaf mesophyll.
Storage of secondary metabolites: why, where and what?
Plants synthesize a huge number of secondary metabolites that play key roles in abiotic and biotic stress resistance. Many of these compounds are autotoxic to plant metabolism (Glas et al. 2012 , Killeen et al. 2015 , Tissier et al. 2017 ) and thus, plants need to avoid accumulation of these secondary metabolites in the cellular compartments responsible for key physiological processes. Avoidance of the toxic influence of their own protective metabolites is achieved in plants by a variety of mechanisms that depend on species and compound physico-chemical characteristics. Secondary metabolites that have a high gas/liquid phase partition coefficient and have a relatively high vapor pressure, and thus are volatile, can be emitted from the plants shortly after their synthesis. A number of plant species release constitutively numerous volatile metabolites, including volatile terpenoids such as isoprene and monoterpenes, semivolatile sesquiterpenes, and volatile and semivolatile benzenoids (constitutive volatiles, Peñuelas and Staudt 2010 , Fineschi et al. 2013 , Copolovici and Niinemets 2016 . Furthermore, all plant species can be triggered to release volatiles upon biotic and abiotic stresses (stress-induced volatiles, Loreto and Schnitzler 2010 , Niinemets 2010 , Copolovici and Niinemets 2016 . In leaves, constitutive and stress-induced volatiles are typically synthesized in mesophyll cells and do not accumulate in plant tissues (Loreto et al. 1998 , Grote et al. 2013 ). Due to rapid release, these compounds serve as within-plant, plant-to-plant and/or plant-toanimal signals of stress or have broad spectrum antioxidant properties through the plant (Heil and Silva Bueno 2007 , Vickers et al. 2009 , Blande et al. 2014 .
In contrast, secondary metabolites for longer-term protection are synthesized and stored in specialized cellular structures that separate them from the cells of primary metabolism (Goodger et al. 2018 in this issue). There is a large structural diversity in secondary compound-containing structures. The storage structures characteristic to the leaf surface primarily consist of peltate and capitate glandular trichomes (Fahn 1988 , Tissier 2012 , Lange and Turner 2013 , Huchelmann et al. 2017 , but can also include secretory glands (Lapinjoki et al. 1991 , Chin et al. 2013 . The storage structures embedded within the leaves include single-celled secretory idioblasts (Bakker and Gerritsen 1990 , Bakker et al. 1992 , Platt and Thomson 1992 , Marinho et al. 2011 , secretory cavities (Turner et al. 1998 , Bennici and Tani 2004 , Goodger et al. 2010 , Turner and Lange 2015 , ducts (Fahn 1988 , Kromer et al. 2016 , de Souza et al. 2018 ) and internal glands (Guo et al. 2013 , Maeda et al. 2015 . Although most species typically have either surface or within-leaf secretory structures, some species do have both surface and within-leaf storage of secondary compounds, including simultaneous occurrence of glandular trichomes and idioblasts (Passos et al. 2012) , glandular trichomes and secretory ducts (de Souza et al. 2018) , glandular trichomes and secretory cavities (Ladiges 1984 , Ma et al. 2016 , Tian et al. 2018 or glandular trichomes and internal glands (Guo et al. 2013) .
Storage structures often contain classic volatile compounds such as monoterpenes, and to avoid their diffusion out of the storage structures, the cell walls surrounding storage cavities have often thick lignified or suberized cell walls (Fahn 1988 , Bakker and Gerritsen 1990 , Marinho et al. 2011 , Widhalm et al. 2015 , Tissier et al. 2017 . Nevertheless, the slow release of volatiles from storage structures does occur (Grote et al. 2013) , and volatile emissions from storage structures are typically enhanced upon wounding, and temperature and ozone stresses (Copolovici et al. 2012 , Li et al. 2018 , Kanagendran et al. 2018b , and thus, under severe stress, storage volatiles can also contribute to signaling responses.
Myrtaceae, in particular eucalypts, have conspicuous withinleaf secretory structures, often called oil glands due to the circumstance that traditional steam distillation methods yield an essential oil that is characteristically composed of a mixture of hydrophobic compounds, mainly mono-and sesquiterpenes and their derivatives (Morrow and Fox 1980 , Batish et al. 2008 , Barbosa et al. 2016 , Goodger et al. 2016 , Miguel et al. 2018 ). However, the volume of the eucalypt 'essential oil' obtained from a given leaf does not quantitatively correspond to the estimated total oil gland lumen volume scaled up to the whole leaf (the product of average oil gland volume, number of oil glands per leaf surface area and leaf surface area) (King et al. 2006 , Goodger et al. 2009 , 2016 .
Although the hydrophobic fraction in the secretory structure is typically considered entirely volatile, larger hydrophobic molecules such as diterpenoids or etherified or esterified polyphenols have much lower volatility and will not be included in the essential oil fraction. Apart from volatile terpenoids and benzenoids, the 'essential oil', advancements in experimental methods have demonstrated the presence of a large number of non-volatile hydrophobic and non-volatile hydrophilic compounds in plant secretory structures. These compounds include acyl sugars (Schilmiller et al. 2012 , 2016 , Fan et al. 2016 , monoterpene esters (Goodger et al. 2009 , Heskes et al. 2012 , sesquiterpene alcohols (Goodger et al. 2018 in this issue), sesquiterpene glycosides (Ekanayaka et al. 2014) , sesquiterpene lactones (Majdi et al. 2011 , Spring et al. 2015 , diterpenes (Ding et al. 2007 , Sallaud et al. 2012 , sesterterpenes (Luo et al. 2010 ) and terpenophenolics (e.g., macrocarpals, cannabinoids, prenylated flavonoids, Nagel et al. 2008 , Marinho et al. 2011 , McKiernan et al. 2016 , and numerous other benzenoids and their derivatives (including polyphenols, β-triketones, benzenoid glycosides, flavonoids, etc.) (Dugo et al. 2000 , Heskes et al. 2012 , Chin et al. 2013 , Goodger et al. 2016 .
Spatial separation of synthesis and storage of different compound classes
Given that multiple biochemical pathways are involved in the synthesis of different secondary metabolites and different compounds can also serve different functions, the key question is to what extent the plant secretory structures are specialized and whether there is a spatial separation in the synthesis of different compound classes. There is evidence that within a single secretory cavity, there can be hydrophilic and hydrophobic fractions, e.g., in idioblasts of Piper umbellatum (Marinho et al. 2011 ) and in oil glands of Eucalyptus spp. (Goodger et al. 2009 , 2016 , Marinho et al. 2011 ), suggesting no spatial separation in the synthesis of physico-chemically different compounds. However, there is also evidence of metabolic specialization of different storage structures present in the same leaf. In the case of glandular trichomes, metabolic differences among structurally different trichomes have been demonstrated by histochemical staining and advanced trichome separation methods (Zager and Lange 2018) . For instance, in tomato (Solanum lycopersicum), tall single-headed glandular trichomes (type 1 trichomes) synthesize acylated sugars, while shorter glandular trichomes with four secretory head cells (type 6 trichomes) synthesize terpenes and their derivatives (Falara et al. 2011 , Schilmiller et al. 2012 , Tissier 2012 . In two species from the Labiatae family, sweet basil (Ocimum basilicum) and rosemary (Rosmarinus officinalis), peltate but not capitate glandular trichomes were shown to participate in the synthesis of phenyl propanoids (Gang et al. 2001 , 2002 , Marin et al. 2006 . In another member of the Labiatae, Salvia blepharophylla, synthesis of phenolics was also confined to peltate glandular trichomes, whereas both peltate and capitate glandular trichomes contained terpenoids (Bisio et al. 1999 ). In the case of idioblasts, smaller 'oil cells' filled with hydrophobic compounds and larger 'mucilage cells' filled with hydrophilic sugar polymers have been identified in the leaves of Cinnamomum spp. (Lauraceae) based on anatomical and histochemical observations (Bakker et al. 1991 (Bakker et al. , 1992 .
The oil glands in eucalypts have different sizes, shapes and color and different spatial location with respect to the distances from leaf upper and lower surface (Figure 1 , Goodger et al. 2018 ), but whether this variability is associated with differences in secondary compound profiles has been unknown due to a lack of ways to separate internal leaf glands from the rest of the leaf lamina. Recently, Goodger et al. (2010) have developed an original methodology for quantitative isolation of intact leaf glands from eucalypt leaves. Use of this methodology has provided important insight into the chemistry of eucalypt oil glands and has conclusively identified the leaf glands as the sole location of a number of eucalypt secondary metabolites including monoterpene esters and flavanones (Heskes et al. 2012 , Goodger et al. 2016 ) in addition to several classic components of essential oil such as mono-and sesquiterpenes (Goodger et al. 2010 ). Furthermore, application of this methodology to different eucalypt species indicated that the secretory glands in different species widely differ in the composition of non-volatile secondary metabolites (Goodger et al. 2016) . Such a detailed comparison among contents of secretory structures was previously impossible due to possible interference of metabolites of the bulk of leaf lamina.
In the latest contribution, Goodger et al. (2018, this issue) further developed the methodology of isolation of eucalypt oil glands, and quantitatively separated different leaf glands in Eucalyptus brevistylis. Specifically, E. brevistylis leaves have visually two distinct sets of oil glands, translucent and golden-brown glands (Goodger et al. 2018) . Separate analysis of the chemical composition of different E. brevistylis glands demonstrated profound metabolic specialization of different glands. The translucent glands contained sesquiterpene alcohols cubenols and cubebols, whereas the golden-brown glands contained mainly the aromatic ketone conglomerone (β-triketone) with smaller amounts of sesquiterpenes αand β-caryophyllene (Goodger et al. 2018) . Presence of β-triketones has been observed in the oil glands of other Myrtaceae species including grandiflorone, leptospermone, isoleptospermone and flavesone in Leptospermum species (Killeen et al. 2015) and conglomerone, agglomerone and iso-baeckeol methyl ether in Eucalyptus suberea (Goodger et al. 2016 ). However, the pioneering work of Goodger et al. (2018) in this issue demonstrates for the first time that within the single leaf population of oil glands, there can be major metabolic specialization. Such a specialization has remained hidden so far, but armed with these new techniques we shall be able to start unraveling the opaque aspects of compartmentalization of secondary metabolism in species harboring internal secretory structures.
To further complicate the picture, several Myrtaceae species, in particular species from the genera Corymbia and Angophora, have both internal secretory structures and external secretory structures, the bristle glands, that resemble glandular trichomes (Ladiges 1984) . This suggests that a further level of metabolic compartmentalization might occur in Myrtaceae leaves that deserves future in-depth studies.
Temporal modifications in the abundance and share of different storage structures Goodger et al. (2018) further observed that the total gland number and gland oil content increased with both increasing leaf age and tree age (Goodger et al. 2018 ). These findings are in agreement with previous observations in Myrtaceae demonstrating formation and expansion of oil glands through leaf development and concomitant increases in leaf essential oil content (List et al. 1995 , King et al. 2006 , Keszei et al. 2008 . Analogously, leaves in older trees of Eucalyptus globulus have been demonstrated to have higher essential oil content than leaves in younger trees (Salem et al. 2018) . These patterns correspond well to the observed susceptibility of eucalypts to insect damage, with younger leaves (Gherlenda et al. 2016 ) and younger trees (Andrade et al. 2016 ) with lower essential oil content being more susceptible to insect herbivory than older leaves and older trees.
Paradoxically, variation in total essential oil content did not explain differences in insect herbivory damage across eucalypt species (Morrow and Fox 1980 , Edwards et al. 1993 , Stone and Bacon 1994 . In fact, rather than the total essential oil content, herbivory resistance of eucalypts has been associated with certain secondary metabolites present in the oil glands, e.g., resistance to insects, with the monoterpene 1,8-cineole content (Edwards et al. 1993, Stone and Bacon 1994) and resistance to marsupials with the content of different macrocarpals (Moore et al. 2005) . In this regard, it is highly relevant that in E. brevistylis, the share of different gland types varied through leaf and tree ontogeny. In particular, the share of triketone-containing goldbrown glands decreased both with increasing leaf age and with Tree Physiology Online at http://www.treephys.oxfordjournals.org Storage of defense metabolites in Myrtaceae leaves 1447 increasing tree age (Goodger et al. 2018) . Although it is unknown what the insectidal properties of triketones are, it is plausible that these changes in the composition of secondary metabolites reflect adaptation to different insects guilds prevailing at different leaf and plant ages (Goodger et al. 2018) . In fact, we lack understanding of antiherbivore properties of many specific secondary chemicals for which analytical methods for routine determination were unavailable until recently. Thus, clearly more experimental work is needed to understand how variations in the content of secondary chemicals missed in previous studies alter plant insect resistance.
Apart from ontogenetic changes, there is evidence that eucalypt secondary metabolite composition can change in response to herbivory (Troncoso et al. 2011) , and upon different abiotic stresses including drought (McKiernan et al. 2014 , 2016 , Niinemets 2016 , mechanical wounding (Troncoso et al. 2011 , Kanagendran et al. 2018a , 2018b and ozone (Kanagendran et al. 2018a (Kanagendran et al. , 2018b stresses. Compartmentalized synthesis of different secondary compounds in different oil glands highlighted by the study of Goodger et al. (2018) provides an exciting new mechanism for how secondary metabolism in eucalypts can structurally adjust to different environmental and biotic stresses. Future studies should examine how general is the specialization of secondary metabolism among secretory glands in different Myrtaceae species and whether stress responses of composition of secondary metabolites in Myrtaceae are associated with selective modification of metabolic activity of different secretory glands.
